Rationale GLT-1 is the major glutamate transporter in the brain and is expressed predominantly in astrocytes but is also present in excitatory axon terminals. To understand the functional significance of GLT-1 expressed in neurons, we generated a conditional GLT-1 knockout mouse and inactivated GLT-1 in neurons using Cre-recombinase expressed under the synapsin 1 promoter, (synGLT-1 KO). Objectives Abnormalities of glutamate homeostasis have been shown to affect hippocampal-related behaviors including learning and memory as well as responses to drugs of abuse. Here, we asked whether deletion of GLT-1 specifically from neurons would affect behaviors that assessed locomotor activity, cognitive function, sensorimotor gating, social interaction, as well as amphetamine-stimulated locomotor activity. Methods/results We found that the neuronal GLT-1 KO mice performed similarly to littermate controls in the behavioral tests we studied. Although performance in open field testing was normal, the acute locomotor response to amphetamine was significantly blunted in the synGLT-1 KO (40% of control). We found no change in amphetamine-stimulated extracellular dopamine in the medial shell of the nucleus accumbens, no change in electrically stimulated or amphetamine-induced dopamine release, and no change in dopamine tissue content. Conclusions These results support the view that GLT-1 expression in neurons is required for amphetamine-induced behavioral activation, and suggest that this phenotype is not produced through a change in dopamine uptake or release. Although GLT-1 is highly expressed in neurons in the CA3 region of the hippocampus, the tests used in this study were not able to detect a behavioral phenotype referable to hippocampal dysfunction.
Introduction
Glutamate homeostasis is regulated by cellular processes releasing and clearing glutamate from the extracellular space. Glutamate clearance is attained via a family of Na + -dependent glutamate transporters (GLAST, GLT-1, EAAC1, EAAT4, and EAAT5). Of these, GLT-1 is responsible for > 90% of synaptosomal glutamate uptake (Tanaka et al. 1997; Danbolt 2001) . While previously thought to be expressed solely in astrocytes (Rothstein et al. 1994; Danbolt 2001) , GLT-1 has been identified as the major, if not the only, glutamate transporter associated with excitatory terminals (Chen et al. 2004; Berger et al. 2005; Furness et al. 2008) . In order to understand the specific functions of GLT-1 expressed in excitatory terminals, we generated a conditional knockout mouse line whereby GLT-1 could be deleted specifically from astrocytes using GFAP-CreERT2 or from neurons using synapsin-Cre (synGLT-1 KO) (Petr et al. 2015) . We recently reported that knockout of neuronal, but not astrocytic, GLT-1 produces a significant reduction of 3 H-L-glutamate uptake into forebrain synaptosomes (Petr et al. 2015) , which is remarkable given that neuronal GLT-1 accounts for only 5-10% of total GLT-1 protein expression (Furness et al. 2008) . Mice lacking GLT-1 in neurons were found to be grossly normal, with normal weight gain, survival up to 1 year, and no seizures. Thus, the function of GLT-1 protein expressed in neurons remains an unanswered question and one of considerable interest (Danbolt et al. 2016; Rimmele and Rosenberg 2016) .
Here we have utilized the conditional GLT-1 knockout to determine whether loss of GLT-1 expressed in neurons is associated with behavioral abnormalities. We carried out a wide array of behavioral tests to assess locomotor activity, cognitive function, sensorimotor gating, and social interaction. Additionally, since responses to the monoaminergic psychostimulant amphetamine (AMP) are highly modulated by glutamate receptors (Wolf 1998; Luscher and Malenka 2011; Wolf and Tseng 2012) and by changes in glutamate homeostasis (Underhill et al. 2014; Scofield et al. 2016; Mingote et al. 2017) , it seemed likely that such responses would be affected by deletion of GLT-1 if neuronal GLT-1 were to contribute significantly to glutamate homeostasis. Therefore, we also tested the synGLT-1 KO mice for their locomotor response to AMP. We found that synGLT-1 KO mice were relatively resistant to the locomotor effects of AMP and so assayed dopamine (DA) release by microdialysis and cyclic voltammetry, as well as total DA in various regions in synGLT-1 KO and littermate controls to characterize possible differences in DA dynamics that might help explain the observed phenotype.
Materials and methods

Animals
We crossed GLT-1 flox/flox mice (on a mixed 129SvJ-C57BL/ 6 background) with a synapsin 1-cre (SynCre) transgenic mouse line (on a C57BL/6 background; JAX Stock No. 003966) that expresses Cre-recombinase under the neuronspecific promoter, synapsin 1, as described previously (Petr et al. 2015) . From this pairing, we obtained SynCre(+); GLT-1 floxed mice (neuron-specific GLT-1 knockout mice), and SynCre(−); GLT-1 floxed mice (BWT^littermate control mice). SynCre was introduced only through females, due to known synapsin expression in the testes (Rempe et al. 2006) . All experiments with synapsin-Cre were performed with mice on a 129XC57BL/6 J background that was 87.5% C57BL/6 J. In order to determine that our observations were not due to cre-recombinase, per se, we generated and used synapsin-Cre control mice to test the effect of synapsin-Cre itself on a similar 129XC57BL/6 J background. All animal experiments were carried out in accordance with NIH guidelines, and were approved by the Children's Hospital Boston Institutional Animal Care and Use Committee. Animals were maintained on a 12-h light-dark cycle; all experiments were conducted during the light phase. All experiments were conduced on adult male mice 12-16 weeks of age, using age-matched littermates as controls. Food and water were available ad libitum. For behavioral experiments, separate groups of mice were used for each type of behavioral experiment with the exception of one group of mice that was first tested in an open field followed by fear conditioning.
Behavioral testing
Open field Locomotor activity and habituation to a novel open field environment were assessed using circular, open field arenas [15 cm (radius) × 10 cm (height)]. The lights remained on in the testing room. In the open field, the following parameters were measured: total distance traveled, thigmotaxis, and number of movement initiations. Mice were exposed to the open field arena for 60 min and behavior was recorded with Ethovision XT v10 video tracking software (Noldus, The Netherlands) using center-point detection with dynamic subtraction. For total distance traveled, minimum distance of tracking was set to 1 cm along the path of movement. These data were recorded and analyzed in 10-min bins. For thigmotaxis assessment, the amount of time spent in each of three pre-defined zones, termed here as wall, neutral, and center zones, in the open field was measured. The wall zone was set to begin at the edge of the circular arena and was set to 5 cm wide. The center zone was set to 15 cm in diameter. The neutral zone was the width of the space between the wall and center zones, set to 20 cm wide. The amount of time that the center point of the mouse was in each zone was recorded and analyzed. The number of movement initiations was measured by analyzing the frequency that the mouse moved at a set speed of 2.0 cm/s or greater.
Rotorod An automated 4-lane rotarod apparatus (Economex, Columbus Instruments, USA) with a mouse rod (3.5 cm diameter) was used. The training session comprised two stages: (1) teach the task: mice were placed on the rotarod at four revolutions per min (rpm) for 5 min; (2) habituation to handling: place the mice on the rod at 4 rpm, take them off, repeat five times. Animals were trained for two sessions before the experiment, one session per day. For rotarod testing, the rod was set to accelerate from 4 to 34 rpm over 5 min (0.1 accel), and the time to fall was recorded. Mice received four trials (5 min between trials), and the results were averaged to obtain a single value for each animal; the averaged value was used for statistical analyses.
DigiGait Gait assessment using video recordings was performed by the DigiGait imaging apparatus (DigiGait, Mouse Specifics, Inc., Boston, MA). Mice were placed on a motordriven treadmill within a plexiglass compartment (~25 cm long and~5 cm wide). A high-speed digital video camera was mounted underneath the transparent treadmill belt to visualize paw contacts. The treadmill was set at a fixed speed of 20 cm/s at which most animals that tested here were able to run continuously. The videos (~5 s) were analyzed by the DigiGait software to calculate stride duration and stride length for each limb.
Morris water maze Spatial memory performance was assessed using the Morris Water Maze task as previously described (Morris 1984; Mannix et al. 2011) . A white pool [41.5 cm (radius) × 60 cm (depth)] was filled with water to 29 cm depth and maintained at a temperature of 24°C. The platform was positioned 1 cm below water surface. Across all trials, mice were positioned at each of one of four different starting locations. For hidden platform training, mice were exposed to two trials per day for two consecutive days and a 5th trial on the following day. Mice were given a maximum of 90 s to locate the submerged platform. Mice that did not locate the platform within 90 s were placed on the platform by the experimenter where they were allowed to remain for 10 s. The probe trial occurred~1 h following the hidden platform training trial on day 3. For the probe trial, the platform was removed, and the time that the animal swam in the target quadrant was recorded (maximum 60 s). During hidden platform training, time to reach the platform was recorded and analyzed. During the probe trial, percent time in the target quadrant was recorded and analyzed. Across all trials, times were recorded directly by an experimenter blind to the genotype of the mouse being evaluated.
Fear conditioning Fear conditioning to cues and context was assessed according to the standard procedure (Saxe et al. 2006) . Conditioning was conducted in Any-Maze fear conditioning chambers [17 cm (length) × 17 cm (width) × 15 cm (height)] (Stolting, Wood Dale, IL). Each chamber was located inside a larger sound and light attenuating chamber that prevented entry of outside noise and light. Each chamber was equipped with a camera, cue light, and speaker as well as an electrified grid floor. The detection of freezing was automated, and based on video analysis, using Any-Maze software. Freezing was defined as the complete absence of motion, for a minimum of 0.5 s.
Fear conditioning occurred over three consecutive days and each mouse was exposed to one session/day. On day 1 (training), each mouse was placed in a fear conditioning chamber and allowed to habituate for 5 min. Mice were then presented with two tone cues alone (1500 Hz), followed by three tone cues that co-terminated with the delivery of a 2 s footshock (0.4 mA). Each tone lasted 30 s and the duration of the training session was 8 min. Freezing behavior was scored before and after the end of each tone/footshock. On day 2 (tone cue test), each mouse was placed into the same chamber with a different contextual background (black and white striped wall inserts vs. no wall inserts on day 1). Mice were allowed to habituate to the chambers for 5 min and were subsequently presented with five (30 s) tones without footshock. The tone cue session lasted 8 min. Freezing behavior was scored before and after delivery of each tone. On day 3 (context test), each mouse was placed into the same chamber containing the original context from day 1 (chamber only, no wall inserts), and freezing was scored for the duration of the test (8 min). The percentage of freezing time was used for statistical analysis.
Novel object recognition Novel object recognition was conducted similarly to the methods established by (Ennaceur and Delacour 1988) . On days 1-3, mice were habituated to the same open field arenas mentioned above for open field testing. Each habituation session lasted 15 min and during this time no objects were present in the arena. Mice were similarly habituated to arenas on day 4, but immediately following the 15 min period, two identical objects (white cylinders) were placed on opposite sides of the arena, and the mouse was left in the arena for 15 min to explore both objects. Immediately following the 15 min, mice were placed back in their home cages for 1 hour. After 1 hour had elapsed, mice were placed back in the arena which then contained one of the original objects (white cylinder) and one novel object (blue cylinder) and mice were given 15 min to explore both objects. The familiar object (white cylinder) was always placed on the same side of the arena for a given mouse. However, between mice, the side that the white cylinder was placed on was counterbalanced. Percent time exploring the objects for both phases was recorded and analyzed. Times were recorded directly by an experimenter blind to the genotype of the mouse being evaluated. Mice had to be actively investigating the object (e.g., sniffing, licking, rearing, etc) in order for the time to be recorded and reported as Bexploration of the novel object.P repulse inhibition of startle Prepulse inhibition (PPI) was performed similarly to Paylor and Crawley (1997) and was measured using the Hamilton Kinder Scientific Startle Reflex Behavioral Monitoring System (Kinder Scientific, Cridersville, OH). Mice were placed in the startle chambers for a 10 min habituation period with a constant background noise of 60 dB. Following habituation, mice were presented with seven trials which included: a 120-dB pulse alone, and prepulses of 66, 68, 70, 72, 74 , and 76 dB above background noise followed by a 120 dB pulse. The prepulse (20 ms duration) preceded the 120 dB pulse (40 ms duration) by 100 ms. The test session included 10 rounds of the seven trials (15 s between each trial). Each of the six prepulses followed by the 120 dB pulse were presented in a counterbalanced manner. The startle monitoring system recorded the average startle response (amplitude) for 150 ms following each of the pulse alone trials and prepulse + pulse trials. The percent startle response to each of the prepulse intensities was calculated as follows: 1-[prepulse+pulse startle response/pulse startle response alone]*100.
Social interaction Social interaction was conducted as previously described (Crawley 2004) . Mice were habituated to the 3-chambered test apparatus (Noldus, Leesburg, VA) for 10 min whereby they had free access to all three chambers. Following habituation, a novel (stranger) mouse was placed in a tubular, wired cage placed in one of the outer chambers. The opposite outer chamber contained an empty tubular, wired cage (no mouse inside). The mouse was given free access to all three chambers for 10 min. The outer chamber that contained the novel mouse was counterbalanced between mice. The time spent in all three chambers was recorded directly by an experimenter blind to the genotype of the mouse being evaluated.
AMP cumulative dosing Separate groups of experimental and control mice were tested for their acute response to AMP using a cumulative dosing paradigm (Yap and Miczek 2007; Jung et al. 2013; Jedynak et al. 2016) . Over three consecutive days all mice were habituated to custom-made open field arenas [20 cm (length) × 20 cm (width) × 15 cm (height)] for 45 min following an intraperitoneal (ip) saline injection. On the cumulative dosing experiment day, locomotor activity was recorded for 15 min in response to a saline injection (ip). Following the initial 15 min, locomotor activity was recorded for a total of 120 min. Episodes of 30, 30, and 60 min were recorded following AMP cumulative doses of 0.56 mg/kg, 1.78 mg/kg (cumulative 2.34 mg/kg), and 3.0 mg/kg (cumulative 5.34 mg/kg), (ip), respectively. Locomotor activity in mice was tracked by Ethovision XT v10 video tracking software. Minimum distance of tracking was set to 1 cm along the path of movement and analyzed in 5-min bins. Stereotyped behavior was defined as repetitive head bobbing, rearing, and grooming in the absence of locomotor activity as previously described (McNamara et al. 2006) . These behaviors were scored from videotape recordings for 60-s periods starting 5 min after each AMP injection, and continuing every 5 min for 1 h. The total amount of time spent head bobbing, rearing, and grooming was recorded and analyzed.
Drugs D-amphetamine hemisulfate salt (Sigma-Aldrich cat. # A5880; lot # SLBC0452V; m.w. 184.25) was dissolved in physiological (0.9%) saline solution and injected ip. The drug dose was delivered in a volume of 10 ml/kg.
Microdialysis experiments
Surgery Mice were anesthetized with a mixture of ketamine and xylazine (120 and 16 mg/kg, respectively; ip) and positioned into a mouse stereotaxic apparatus (Stoelting Co., Wood Dale, IL, USA). An incision was made in the scalp to expose the skull. Next, a small hole approximately 2 mm in diameter was drilled into the skull to expose the dura. Mice were then implanted randomly in the right or left side of the brain with a concentric dialysis probe (see below). During surgical implantation, the dialysis probe was secured in a CMA/10 clip (CMA/Microdialysis AB, Solna, Sweden) that was mounted on a stereotaxic holder; the probe was continuously perfused with saline. The probe was positioned to target the NAc shell, according to Paxinos and Franklin (Paxinos and Franklin 2001) and previously published reports [anterior + 1.5; lateral ± 0.6; ventral − 5.1; coordinates are uncorrected in millimeters from bregma (Tanda et al. 2009; Mereu et al. 2015) ]. The implanted probe was secured to the skull with dental cement (GlasIonomer Cement CX-Plus, Henry Schein, Melville, NY). Following surgery, mice were allowed to recover overnight in hemispherical CMA-120 cages (CMA/ Microdialysis AB) that were equipped with overhead fluid swivels (Instech Laboratories Inc., Plymouth, PA) for connection to the dialysis probes. All microdialysis studies were conducted in these cages.
In vivo microdialysis Microdialysis was performed following a previously published procedure (Desai et al. 2010) . Concentric dialysis probes for mice were constructed using AN69 dialyzing membranes (Hospal Dasco, Lyon, France) as previously described (Tanda et al. 2005; Tanda et al. 2009 ). Briefly, the probe materials consisted of two (inlet and outlet) 4-cm pieces of silica fused tubing that were inserted into a 22-gauge stainless steel needle. A small drop of glue was used to fix the inlet and outlet tubes at 6-and 5-mm, respectively, from the end of the needle. Next, the inlet and outlet tubes were inserted into a 4-mm dialyzing fiber with the other end closed by a drop of glue; the glue tip of the dialyzing membrane was shaped into a cone. The inlet was set at approximately 0.1-mm away from the closed end of the fiber, and the outlet was 1-mm away from the tip of the inlet. After inserting tubes into the dialyzing membrane, using a thin layer of glue, the fiber was fixed to the remaining portion of silica fused tubing and the end of the 22-gauge needle, leaving only the dialyzing surface of the membrane, i.e., membrane not covered with glue, to the lowest 1-mm portion of the probe. The total length of the probes was approximately 24 mm.
The day after implanting probes, microdialysis studies were performed on freely moving mice in the same CMA-120 cages in which they recovered overnight following surgical procedures. Using a 2.5-ml syringe (Hamilton Co., Reno, NV) attached to a CMA 402 Syringe Pump (CMA/Microdialysis AB), Ringer's solution (147.0 mM NaCl, 2.2 mM CaCl 2 , and 4.0 mM KCl) was delivered at a constant flow rate of 1 μl/min through the dialysis probes. Dialysate sampling began 20-30 min after the pump was started, and samples were collected every 10 min thereafter. DA was analyzed immediately, as described below. Injections of saline and AMP were given after three consecutive baseline samples had DA values with less than 10% variability (typically after 1 h). AMP was administered at doses of 0.3, 0.7 (cumulative 1.0 mg/ kg), 2.0 (cumulative 3 mg/kg), and 7.0 mg/kg (cumulative 10 mg/kg), respectively, every 30 min following the saline injection. Samples continued to be taken every 10 min throughout the experiment, and ended 300 min after the first injection, i.e., 180-min after the last dose of AMP was administered.
Analytical procedure Dialysate samples (10 μl) were injected, without purification, into a high-performance liquid chromatography system consisting of an MD 150 × 3.2 mm chromatographic column (particle size 3.0 μm; ESA Inc., Chelmsford, MA), and a coulometric detector (Coulochem III; ESA, Dionex, Sunnyvale, CA) to quantify DA. Oxidation and reduction electrode potentials of the analytical cell (5014B; ESA Inc.), respectively, were set at + 125 and − 175 mV. The mobile phase consisting of 100 mM NaH 2 PO4, 0.1 mM Na 2 EDTA, 0.5 mM n-octyl sulfate, and 18% (v/v) methanol (pH adjusted to 5.5 with Na 2 HPO 4 ) was pumped at 0.6 ml/min by a solvent delivery module (584; ESA Inc.). DA assay sensitivity was 2 fmol/sample.
Histology At the end of the in vivo microdialysis experiment, mice were euthanized with an overdose of pentobarbital, and their brains were removed and fixed in 4% formaldehyde in saline solution. Brains were then cut into 30-50 μm serial coronal sections oriented according to (Paxinos and Franklin 2001 ) using a microtome (Microm HM 650 V; Microm International, Thermo Scientific, Waldorf, Germany). Brain slices were then examined under a microscope to identify the location of the probes. The position of the probe was verified in all mice, and the dialyzing portion of all probes implanted in the NAc shell is depicted in Fig. 6c ; rectangles show the boundaries of probe tracks that were inside the shell and were considered appropriate probe placements. Data from mice with probe placements outside these boundaries (i.e., outside the NAc shell) were excluded from the study. While the probes were implanted randomly in both hemispheres, all probe placements are shown in only one side of the brain for simplicity; anterior coordinates measured from bregma are shown in brain sections based on drawings from Paxinos and Franklin (2001) .
Fast scan cyclic voltammetry
Coronal striatal brain slices (250 μm) were prepared from adult mice using a vibratome (Leica VT1200; Nussloch, Germany) and ice-cold cutting solution containing (in mM): 125.2 NaCl, 26 NaHCO 3 , 10 glucose, 2.5 KCl, 2.7 MgSO 4 , 0.3 KH 2 PO 4 , and 0.3 NaH 2 PO 4 . Slices were allowed to recover in the solution for 30 min at 34°C, and then transferred to recording ACSF containing (in mM): 125.2 NaCl, 26 NaHCO 3 , 10 glucose, 2.4 CaCl 2 , 2.5 KCl, 1.3 MgSO 4 , 0.3 KH 2 PO 4 , and 0.3 NaH 2 PO 4 . The recording chamber temperature was maintained at 32°C (± 2°C). Electrochemical recordings were performed with carbon fiber electrodes (5 μm diameter) with a freshly cut surface that were placed into the desired region (dorsolateral striatum, core, and medial shell) ∼ 50 μm below the exposed surface. For cyclic voltammetry, a triangular voltage wave (− 400 to + 900 mV at 280 V/s vs Ag/ AgCl) was applied to the electrode every 100 ms. Currents were evoked by local electrical stimulation with tungsten electrode (World Precision Instruments, Sarasota, FL) and stimuli (100-400 μA, 100 μs duration) were delivered every 2 min by ISO-flex stimulus isolator (AMPI, Jerusalem, Israel) and Master-8 pulse generator (AMPI). Evoked currents were recorded with an Axopatch 200B amplifier with a low-pass Bessel filter setting at 5 kHz, digitized at 25 kHz (ITC-18 board; InstruTech, Great Neck, NY). Triangular wave generation and data acquisition were controlled by a computer running a locally written macro (Dr. E. Mosharov, Columbia University, New York, NY) in IGOR Pro (WaveMetrics, Lake Oswego, OR). Carbon fiber electrodes were calibrated with 1 μM DA before and after recording. Data are presented as mean ± SEM.
Assay of total tissue dopamine content
Midbrain, striatum, nucleus accumbens (NAc, core and shell combined), and medial pre-frontal cortex (mPFC) were dissected from AMP naïve animals. Tissue samples were immediately placed in microcentrifuge tubes and flash frozen with liquid nitrogen. Frozen tissue was weighed and sonicated (approximately 1:10, w:v) in ice cold 0.03 N perchloric acid solution. Protein and cellular debris were cleared by centrifugation at 20,000xg at 4°C for 45 min. Pellets were resuspended in 100 μl 0.1 N NaOH, and protein content was measured using a Micro BCATM Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA). Tissue homogenates cleared of protein and debris (10 μl) were injected using a refrigerated autosampler (System Gold 508, Beckman Coulter Brea, CA) into a high-performance liquid chromatography system consisting of a SUPELCOSILTM LC-18, 150 × 3 mm chromatographic column (particle size 5.0 μm; Supelco, Bellefonte, PA) and a coulometric electrochemical detector (Coulochem III; Thermo Fisher Scientific, Waltham, MA) to quantify DA. Oxidation and reduction electrode potentials of the analytical cell (5014B; Thermo Fisher Inc.) respectively were set at + 125 and − 175 mV. The mobile phase consisting of 100 mM NaH2PO4, 0.1 mM Na2EDTA, 0.5 mM 1-octanesulfonic acid, and 18% (v/v) methanol (pH adjusted to 5.5 with Na2HPO4) was pumped at 0.6 ml/min by a solvent delivery module (System Gold 125, Beckman Coulter). DA was normalized to sample protein content. DA assay sensitivity was 2 fmol/sample.
Statistical analyses
GraphPad Prism v6.0b software was used for statistical analyses. Group data were calculated as mean ± SEM. For open field analysis, total distance traveled data were expressed as area under the curve (AUC) and for thigmotaxis, the cumulative time spent in each of the three zones was analyzed; both measures were analyzed via two-way ANOVA followed by Sidak's post hoc comparisons. Movement initiations were assessed by the frequency that the mouse moved at a set speed of 2.0 cm/s or greater and analyzed via unpaired t test. Rotorod data were assessed by taking the averaged value amongst the four trials and were analyzed via unpaired t test. Digigate data were expressed as AUC for both fore-and hindlimbs and were analyzed via two-way ANOVA with Sidak's post hoc comparisons. Fear conditioning data, both training and cued-tone test, were analyzed by two-way repeated measures ANOVA with Sidak's post hoc comparisons. Context fear conditioning data were assessed by percent of total freeze time and were analyzed via unpaired t test. For Morris Water Maze, training data were analyzed via two-way repeated measures ANOVA with Sidak's post hoc comparisons and probe trial data were assessed by percent time in the target quadrant and analyzed via unpaired t test. Novel object recognition data (expressed as percent time investigating the novel object) were analyzed by two-way ANOVA with Sidak's post hoc comparisons. Social interaction and PPI were analyzed by two-way ANOVA with Sidak's post hoc comparisons.
AMP acute dosing data were expressed as area under the curve and were analyzed by two-way ANOVA with Sidak's post hoc comparisons. Data from in vivo microdialysis experiments are expressed as a percentage of basal levels of DA. Basal levels were calculated as the mean of values from three consecutive samples that were taken immediately before the first injection and displayed < 10% variability. All results are presented as group means (+SEM), and data were analyzed using a two-way repeated measures ANOVA; overall changes from basal levels were subjected to Sidak's post hoc analyses. The effects of each cumulative dose of a drug were determined by averaging the three samples after its injection. Cyclic voltammetry and total tissue content of DA were analyzed by twoway repeated measures ANOVA with Sidak's post hoc comparisons.
Results
Behavioral characterization of synGLT-1 KO mice
Baseline locomotor activity
Previous studies revealed no abnormalities in the synGLT-1 KO mice in a basic behavioral screening battery of tests (SmithKline Beecham, Harwell, Imperial College and Royal London Hospital phenotype assessment; SHIRPA) (Brooks and Dunnett 2009; Petr et al. 2015) . Our goal here was to continue the behavioral phenotyping of the synGLT-1 KO mouse line. To determine whether knockout of neuronal GLT-1 alters basal locomotor activity and associated patterns of behavior, we assessed locomotor activity using the open field test in synGLT-1 KO (N = 8) and WT littermate control (N = 8) mice (Fig. 1) . There was no difference in total distance traveled over 60 min by synGLT-1 KO mice compared to WT littermate controls (no main effect of genotype F(1, 14) = 1.188, p = 0.2942). Both synGLT-1 KO and WT littermate controls displayed a time-dependent decrease in locomotion (i.e., habituation) (main effect of time F(5, 70) = 11.52, p < 0.0001; no genotype X time interaction F(5, 70) = 0.4293, p = 0.8267) (Fig. 1a) . Movement initiations is a measure of basal activity in the open field that provides an indication of general arousal level (Roth and Katz 1979; Forster et al. 1996) , and is altered by disruptions in DA signaling (Eilam et al. 1989 ). There was no difference in the number of movement initiations between genotypes (t = 1.090, df = 14, p = 0.2942) (Fig.  1b) . Thigmotaxis, or the tendency to remain close to the outer edges or walls of the arena, is a commonly used open-field measure of anxiety in mice (Simon et al. 1994) . For this test, the amount of time spent in each of three pre-defined zones, an outer zone referred to as the Bwall zone,^a Bcenter zone,^and a zone in between the outer and center zones referred to as the Bneutral zone^, was assessed. There was no difference in the amount of time spent in each of the three zones between genotypes F(1, 14) = 2.229, p = 0.1576) (Fig. 1c) .
Motor function
In addition to measuring basic locomotor activity in the open field, we wanted to more comprehensively evaluate motor function. Digigate measures the gait patterns of both foreand hindlimbs and is widely used in genetically altered mice. We found no significant differences between synGLT-1 KO (N = 17) and WT (N = 16) mice in either stride duration F(1, 62) = 0.06303, p = 0.8026, or stride length F(1, 62) = 0.05472, p = 0.8158 (Fig. 2a, b) . Similarly, the accelerating rotarod is used to analyze motor coordination and balance of genetically altered mice. We found no significant differences in the latency to fall between synGLT-1 KO (N = 26) and WT (N = 23) mice (t = 1.325, df = 47, p = 0.1917) (Fig. 2c) .
Aversive learning
GLT-1 is relatively highly expressed in CA3 neurons of the hippocampus (Berger and Hediger 1998; Berger et al. 2005) and in axon terminals both in the CA1 and CA3 regions of the hippocampus (Chen et al. 2004; Furness et al. 2008) . Interestingly, a recent report demonstrated that blocking GLT-1 function results in a reduction of the acquisition of fear conditioning learning (John et al. 2015) . Therefore, we predicted that fear conditioning may be hindered in the synGLT-1 KO mice. However, the results revealed no difference in freezing behavior by synGLT-1 KO mice (N = 8) compared to WT littermate controls (N = 8) in response to repeated CS-US pairings during fear conditioning training (no main effect of genotype F(1, 36) = 0.01221, p = 0.9126). Both synGLT-1 KO and WT littermate controls displayed an increase in freezing behavior across successive CS-US trials (main effect of CS-US trial F(2, 36) = 40.77, p < 0.0001; no genotype X CS-US trial interaction F(2, 36) = 0.2333, p = 0.7931) (Fig. 3a1) . There was no difference in freezing behavior between genotypes in response to the tone during the tone cue test (no main effect of genotype F(1, 12) = 1.230, p = 0.2891) (Fig. 3a2) . Both genotypes displayed an increase in freezing behavior during the tone period relative to the pre-tone period (main effect of trial period F(1, 12) = 91.74, p < 0.0001; no genotype X trial period interaction F(1, 12) = 0.002174, p = 0.9636) (Fig. 3a2) . During the context test, there was no difference in freezing behavior between genotypes (t = 1.003, df = 12, p = 0.3357) (Fig. 3a3 ).
Learning and memory
Disrupting glutamate transport by loss of GLT-1 protein and function has been shown to hinder performance in tests of learning and memory, including the acquisition and retention trials of the Morris Water Maze task (Bechtholt-Gompf et al. 2010; Mookherjee et al. 2011 ) as well as memory for the novel object in the novel object recognition task (Takahashi et al. 2015) . Interestingly, when GLT-1 expression was restored, novel object recognition behavior was enhanced (Takahashi et al. 2015) . In light of these reports, we predicted that learning and memory during these tasks in our synGLT-1 KO would be compromised. Thus, we first assessed the spatial memory performance of synGLT-1 KO (N = 11) and WT littermate control (N = 12) mice in the Morris Water Maze. There was no difference in latency time to platform between synGLT-1 KO and WT mice during the hidden platform training of the Morris Water Maze test (no main effect of genotype F(1, 21) = 3.303, p = 0.0834) (Fig. 3b1) . Both genotypes displayed a decrease in latency time to platform across successive hidden platform training trials (main effect of training trial F(4, 84) = 15.30, p < 0.0001; no genotype X training trial interaction F(4, 84) = (Fig. 3b1) . During the probe test, there was no difference in the percent time spent in the platform quadrant between genotypes (t = 0.1294, df = 10, p = 0.8996) (Fig. 3b2 ). Both synGLT-1 KO and WT mice performed above chance [defined as 20/60 s (Mannix et al. 2011) ] in time spent swimming in the platform quadrant. Next, we tested a separate group of mice for novel object recognition. During this task, both synGLT-1 KO (N = 6) and WT (N = 8) littermate controls displayed a significant increase in the percent time exploring the novel object (main effect of time F(2, 30) = 69.02, p = 0.0010; no differences in the amount of time exploring the novel object occurred between genotypes (no genotype X time interaction F(1,5) = 0.029, p = 0.8709 (Fig. 3c1) .
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Social interaction
In addition to testing for cognitive deficits in the synGLT-1 KO, we also wanted to determine if other behaviors including sociability and sensorimotor gating were altered. Alteration in glutamate signaling by blockade of NMDA receptors was found to reduce performance during both the social interaction test and the prepulse inhibition of startle task (Kinney et al. 2003; Morales and Spear 2014) . In order to determine if social behavior is reduced in the synGLT-1 KO, we ran the social interaction test. During this test, both synGLT-1 KO (N = 7) and WT (N = 5) littermate controls displayed a significant increase in the amount of time in the chamber with the novel mouse when compared to the other two chambers (main effect of time F(1, 5) = 47.32, p < 0.0001). Additionally, there were no differences between genotypes in the amount of time spent with the novel mouse (no genotype X time interaction F(2, 30) = 3.037, p = 0.0629 (Fig. 4a) .
Sensorimotor gating
The prepulse inhibition of startle task is a measure of sensorimotor gating and refers to the ability of a weak prepulse stimulus to inhibit the response to a subsequent stronger stimulus. We found that while the PPI effect was enhanced with increasing prepulse intensity, there were no differences between synGLT-1 KO (N = 7) and WT (N = 7) mice in PPI at any of the six prepulse intensities used (main effect of prepulse intensity F(5, 120) = 34.67, p < 0.0001; no main effect of genotype X prepulse intensity interaction F(5, 120) = 1.122, p = 0.3526 (Fig. 4b) .
AMP-induced hyperlocomotion
Alterations in glutamatergic signaling can modulate the behavioral effects of AMP (Burns et al. 1994; Wolf 1998; David and Abraini 2003) . Specifically, intraaccumbal infusions of glutamate agonists and antagonists at the NMDA, AMPA, and group 1 metabotropic receptor (mGluR) subtypes increased and decreased the locomotor response to AMP, respectively (Burns et al. 1994; David and Abraini 2003) . Interestingly, the reduced locomotor response to AMP by the group 1 mGluR antagonist was blocked by infusion of a group 2 mGluR agonist. Group 2 mGluRs negatively regulate glutamate release (Baker et al. 2002) and have also been shown to be in close proximity to GLT-1 (Bellesi and Conti 2010) . Based on such findings, we predicted that the defect in glutamate homeostasis produced by deletion of GLT-1 in neurons, which would presumably increase local extracellular glutamate levels, might diminish the behavioral effects of AMP, conceivably via increased activation of group 2 mGluRs. Using a cumulative dosing procedure (Yap and Miczek 2007) to study the acute effects of AMP, we found that the AMP-induced increase in locomotor activity following the injection of 3 mg/kg in synGLT-1 KO mice (N = 16) was significantly lower than in WT mice (N = 21) (main effect of time and genotype F(20, 735) = 2.313, p = 0.0010). Sidak's multiple comparisons showed a significant difference during the last three time bins following the 3 mg/kg AMP dose (min 95, p = 0.0078; min 100, p = 0.0006; min 105, p < 0.0001) (Fig. 5a ). Minimal stereotyped behavior was observed (grooming, rearing, head bobbing) and was not different between genotypes (data not shown).
In experiments involving genetic alterations via crerecombinase, it is important to conduct studies with the appropriate cre control groups to exclude the possibility that the observed phenotype is not produced solely by cre-recombinase (Harno et al. 2013) . Here, we examined control mice on a mixed 129XC57 background by comparing the effects of AMP on synapsin-Cre+ and synapsin-Cre− mice. To produce the 129XC57BL/6J mouse line for this experiment, we obtained the 129 mouse line from Jackson Labs that was derived from the same mouse line that served as the source of the mouse embryonic fibroblasts used to produce the conditional knockout line. No differences between SynCre(+) (N = 13) and SynCre(−) (N = 9) in their acute locomotor response to AMP were observed (no main effect of genotype F(1, 20) = 0.2527, p = 0.6206) (Fig. 5b) .
Characterization of dopamine dynamics and content in synGLT-1 KO mice AMP-stimulated DA release was similar in synGLT-1 KO and WT mice
The major effect of psychostimulants such as AMP is to increase extracellular concentrations of DA at dopaminergic synapses (Kuczenski et al. 1995) , specifically within NAc shell (Heidbreder and Feldon 1998; Desai et al. 2010; Sulzer 2011) . One possible explanation for the decreased response to AMP in synGLT-1 KO mice is decreased AMP-evoked DA release. We used in vivo microdialysis techniques to measure AMPstimulated DA release within the NAc shell using a cumulative dosing procedure. Surprisingly, there was no difference between the baseline DA values for the two genotypes; synGLT-1 KO (N = 8) baseline values were 14 ± 3.1 (SEM) fmol/sample and WT (N = 6) were 13.1 ± 3.7 fmol/sample (Fig. 6a) . Administration of saline did not significantly alter extracellular levels of DA in the NAc shell in either synGLT-1 KO or WT mice (ts ≤ 0.03682, ps > 0.9999). Cumulatively administered AMP dose-dependently increased extracellular levels of DA in the dialysate samples from the NAc shell in both genotypes (F(5, 60) = 27.22, p < 0.0001). While increases in DA were approximately 500% of basal DA levels following administration of a cumulative dose of 3 mg/kg AMP in both synGLT-1 KO and WT, only the highest cumulative dose (10 mg/kg) produced a significant increase in extracellular DA, compared to baseline levels (0.3-3.0 mg/kg synGLT-1 KO and WT: Sidak's post-test ts ≤ 2.137, ps ≥ 0.1705; 10 mg/kg synGLT-1 KO and WT: Sidak's post-test ts ≥ 5.542, ps < 0.001). Additionally, there were no differences between the two genotypes at any of the time points (F(1, 12) = 0.4972 p = 0.4942) (Fig. 6 b) . Only data from animals in which probe placements corresponded to the medial NAc shell were used (Fig. 6c) .
Fast scan cyclic voltammetry on brain slices revealed no effect of neuronal GLT-1 knockout on DA release
To directly investigate whether GLT-1 deficiency altered DA release, we measured evoked transmitter release from coronal brain slices of dorsal striatum (dSTR) and NAc (core and shell) of synGLT-1 KO (N = 4) and WT (N = 3) mice. DA release was stimulated via application of a single electrical pulse (100 μs duration) and monitored at a proximal carbon fiber electrode in cyclic voltammetric mode of detection (see BMaterials and methods^). Local electrical stimulation induced a rapid and transient increase in extracellular DA (Fig. 7a ) that was not different between control (Cre−) and GLT-1 knockout (Cre+) slices in all three striatal regions (Fig. 7b, c) .
We next examined whether deletion of GLT-1 had any effect on AMP-induced changes in DA release and DAT-mediated efflux. Consistent with previous reports (Jones et al. 1998; Schmitz et al. 2001) , perfusion of 10 μM AMP for 20 min induced gradual decrease in evoked DA release (Fig.  7d) and an increase in DA overflow (not shown). The kinetics of the changes in the amplitude of evoked DA peaks was not different between the groups (Fig. 7d) . Similarly, the magnitude of AMP-induced DA efflux was similar in control and GLT-1 KO slices ( Fig. 7e; F(1, 2) , p = 0.8404). Overall, our data indicate that neuronal GLT-1 KO had no significant effect on stimulation-dependent DA release or AMP-induced DA release from DA terminals in the dSTR and NAc.
Tissue content of DA
To further investigate the possibility that neuronal GLT-1 knockout might alter DA signaling we assayed DA tissue content in tissue samples from the midbrain, dSTR, NAc, and (mPFC) (Fig. 8) . We found no change in DA content in any of these regions between synGLT-1 KO (N = 5) and WT (N = 3) mice (no main effect of genotype F(1, 25) = 0.0147, p = 0.9045) (Fig. 8) .
Discussion
We have utilized a conditional GLT-1 knockout mouse described previously (Petr et al. 2015) to investigate the behavioral phenotype of mice in which the GLT-1 gene is inactivated in neurons by the expression of Cre under the synapsin 1 promoter. In the Petr et al. 2015 paper, the efficacy of the synapsin-Cre driven knockout of GLT-in neurons in the hippocampus was established by electron microscopic immunocytochemistry: in the knockout, there was a 87.5% reduction in labeling of axon terminals in the CA1 region without significant change in the GLT-1 labeling of astrocytic processes in the same region. Another demonstration of the efficacy of the synapsin-Cre driven knockout was its effect on synaptosomal glutamate uptake. Using crude synaptosomes prepared from the whole forebrain, we found a 40% decrease in uptake in the synGLT-1 KO compared with littermate controls and, surprisingly, no significant effect on uptake in the astrocyte GLT-1 knockout. These results imply that the knockout of GLT-1 in neurons is widespread throughout the forebrain. In addition, we have more recently assayed synaptosomal glutamate uptake in synaptosomes from specific regions of the brain, e.g., cortex, hippocampus, and striatum, and find results very similar to those we obtained using synaptosomes from the whole forebrain (unpublished).
In the present study, we found that pan-neuronal knockout of GLT-1 had no effect on locomotor activity in open field, rotorod, and DigiGait tests. Because GLT-1 mRNA and protein are highly expressed in neurons and axon terminals of the hippocampus (Berger and Hediger 1998; Berger et al. 2005) , we expected alteration in behaviors dependent upon hippocampal function in the synGLT-1 KO mice. Surprisingly, performance in the Morris Water Maze, cue and context dependent fear conditioning, and novel object recognition tests was unaltered in the synGLT-1 KO mice. In addition, we found no alteration in sensorimotor gating and social interaction in these mice. Other reports show diminished learning and memory behavior following GLT-1 loss of expression/function (Bechtholt-Gompf et al. 2010 ). However our imposed loss of GLT-1 is specific to neurons, which may explain the discrepancy in our findings compared with others. One possible explanation for this is that GLT-1 expressed in neurons does not contribute significantly to glutamate clearance at the hippocampal synapses involved in learning and memory, and in fact, it has been demonstrated that astrocytic transporters are the major contributors to glutamate uptake at Schaffer collateral synapses in the hippocampus (Bergles and Jahr 1998) . When tested for their response to AMP, we found synGLT-1 mice to exhibit a significantly blunted locomotor response to acute administration of AMP. Control studies testing for an effect of expression of Cre-recombinase per se under the synapsin promoter showed no differences in locomotor responses to AMP between mice expressing Cre-recombinase and littermate controls on the same 129XC57 genetic background as the synGLT-1 KO mice. The diminished locomotor responses to AMP in the synGLT-1 KO cannot be attributed to a general decrease in basal locomotor activity in the synGLT-1 KO mice or to an increase in AMP-induced stereotyped behaviors.
The present findings raise important questions regarding the mechanisms underlying the modulation of responsiveness to AMP by GLT-1 expression. Considerable evidence suggests that changes in glutamate homeostasis play a key role in the pathophysiology underlying responses to repeated exposure to psychostimulants and withdrawal. GLT-1 in particular, always assumed to be expressed in astrocytes, has been specifically implicated in phenomena related to withdrawal, specifically reinstatement (Kalivas 2009 ; Roberts-Wolfe and Kalivas 2015) . GLT-1 has never previously been shown to affect the acute responses to AMP. However, the neuronal glutamate transporter EAAC1/EAAT3 also appears to play a role in modulating acute responses to AMP (Underhill et al. 2014) . In that study, Underhill et al. reported that AMPinduced internalization of DAT is associated with internalization of EAAT3, and consequent potentiation of excitatory current responses measured in identified substantia nigra pars compacta neurons, possibly due to decreased clearance of extracellular glutamate. The role of EAAT3 in the behavioral responses to AMP remains unclear.
How could deletion of GLT-1 specifically from neurons result in a blunted locomotor response to AMP? Broadly considered, there are two major classes of roles that GLT-1 expressed in neurons might assume, one related to DA signaling and one related to glutamate signaling. The effects of AMP are due to its producing an increase in extracellular DA in and around dopaminergic synapses though a variety of actions, including a weak base effect to compromise the pH gradient across dopaminergic synaptic vesicles, inhibition of monoamine oxidase, and inhibition of DA uptake (Sulzer 2011) . The most obvious explanation, therefore, for the modulatory effects of GLT-1 deletion in neuron on response to AMP is that loss of GLT-1 from some population of axon terminals, presumably glutamatergic, in some way reduces the amount of DA that accumulates extracellularly following AMP administration. This type of effect might be achieved by a number of mechanisms.
Developmental It is conceivable that the loss of GLT-1 in neurons has a developmental effect resulting, for example, in decreased number or projections of DA neurons. It has been previously reported that NMDA receptor activation has a trophic effect on DA neurons suggesting that abnormalities of glutamate homeostasis might compromise dopaminergic neuron survival (Fortin et al. 2012) . In this case, a 30% decrease in DA terminal number and a 37% decrease in evoked DA release in the NAc shell were reported in the DAT-driven vGLUT2 KO in which glutamatergic signaling by dopaminergic neurons was downregulated by loss of VGLUT2 in these neurons (Fortin et al. 2012) .
Metabotropic receptors Another possibility is that altered glutamate homeostasis in close proximity to dopaminergic terminals may alter the activation of metabotropic receptors, specifically mGluR2/3, known to be expressed in dopaminergic axons, where they negatively regulate DA release Karasawa et al. 2006; Lane et al. 2013; Fujioka et al. 2014) . This regulation can be detected by its effects on basal and stimulated extracellular DA concentration and intracellular DA content.
Vesicular synergy Yet another possibility is suggested by previous work providing evidence that vesicular synergy, the enhancement of packaging of one transmitter into synaptic vesicles by the accumulation of a second transmitter into the same vesicles, is an important phenomenon in dopaminergic neurons (Hnasko and Edwards 2012) . Abnormalities in glutamate homeostasis produced by deletion of neuronal GLT-1 might in some way compromise vesicular synergy in dopaminergic neurons. It would be easy to image this scenario if GLT-1 were expressed in DA neurons. If vesicular synergy were an important phenomenon (Trudeau et al. 2014) , then intra-terminal concentration of glutamate would be expected to be important, and GLT-1 expressed in the plasma membrane of dopaminergic terminals might provide this glutamate. If so, its absence could nullify vesicular synergy, because a mechanism to maintain glutamate levels in dopaminergic terminals were lacking. Compromise of vesicular synergy has been shown to result in a decrease in stimulated release of DA into the extracellular space in mice with conditional deletion of VGLUT2 expression restricted to DA neurons (Hnasko et al. 2010) .
Localization of the effect of neuronal knockout of GLT-1 on response to AMP Although the region(s) and neuronal populations responsible for the effect of neuronal knockout of GLT-1 on the locomotor response to AMP is unknown, the NAc is a likely candidate given its role in AMP-induced locomotor hyperactivity (Sellings and Clarke 2003) . The NAc can be divided into two subregions, the core and shell, both of which are different functionally and structurally (Zahm and Brog 1992; Weiner et al. 1996) . It has been shown that both electrolytic and DA lesions of the NAc core result in a reduction of the acute locomotor response to AMP (Weiner et al. 1996; Sellings and Clarke 2003) . However, in the Sellings and Clark report, it was shown that DA lesions in the shell also resulted in a reduction in the acute locomotor response to AMP (Sellings and Clarke 2003) . Thus, it is conceivable that deletion of GLT-1 specifically from NAc core and/or shell neurons diminishes the dopaminergic signal in that region and is responsible for the blunted locomotor response to AMP. However, if this were the case, we would have likely observed evidence of diminished dopaminergic signaling, which was not the case. Although in the assay of total tissue content of dopamine, core and shell tissue were combined, we were able to use cyclic voltammetry in brain slices to assay DA release from the core and shell regions separately (please refer to Fig. 7a-c) , as well as in the dorsal striatum. No differences were detected in electrically evoked dopamine release in knockout and wild-type littermates from any of these regions.
The fact that we observed no changes in tissue DA content, AMP-stimulated changes in extracellular DA concentration detected by microdialysis, or AMP or electrically stimulated DA release detected by cyclic voltammetry, makes the three explanations noted above unlikely, though not entirely excluded. For example, it is possible that in one or more regions other than those sampled by microdialysis or voltammetry, there is a critical mGluR2/3-mediated effect of GLT-1 deletion in neurons. However, this possibility seems unlikely given the wide range of regions sampled for the tissue content studies reported above. It is also possible that such an effect is taking place in a specific circuit but the changes in that circuit are being diluted and rendered undetectable by the surrounding tissue in which no changes are taking place. With these caveats in mind, it seems likely that the effect of neuronal deletion of GLT-1 to decrease response to AMP is not due to a change in DA dynamics.
An alternative possibility is that the effect of deletion of GLT-1 in neurons is due to a compromise of a glutamatergic signal. It is well-established that excitatory signaling plays a critical role in the behavioral responses to psychostimulant drugs, but, generally, changes in excitatory signaling induced by exposure to these drugs have been thought to underlie their long-lasting effects such as sensitization and reward conditioning, rather than acute behavioral responses (Wolf 1998; Ungless et al. 2001; Luscher and Malenka 2011; Wolf and Tseng 2012; Ikemoto and Bonci 2014) . However, increases in extracellular glutamate have been detected following acute AMP administration in the NAc, ventral tegmental area, and PFC (Xue et al. 1996; Wolf et al. 2000 ) (Ash et al. 2014 ). These observable increases in glutamate efflux in the NAc and ventral tegmental area following acute AMP administration occurred with too long of a delay to mediate the acute locomotor response to AMP, as been noted (Xue et al. 1996) . Stimulation of glutamate release by AMP administration may result in changes in glutamate receptor expression or distribution in the ventral tegmental area and NAc that may contribute to the induction of AMP sensitization, which occurs within a time scale of hours and days. However, there is evidence that implicates mGluR5 receptors in the acute locomotor stimulant effects of AMP and cocaine (McGeehan et al. 2004; Gill et al. 2012) . In either case, removal of a glutamate clearance mechanism would be expected to enhance excitatory signaling, so, if anything, potentiate the effects of psychostimulants rather than diminish their effects, as we see here. As an example, Underhill and colleagues have shown that DAT internalization caused by exposure to AMP induces internalization of EAAC1, a glutamate transporter expressed in dopaminergic neurons, resulting in potentiation of excitatory inputs onto midbrain dopaminergic neurons (Underhill et al. 2014) . Our findings imply that there is a glutamate signal that augments response to AMP that is dependent upon GLT-1 expression in neurons and that is diminished, not increased, by removal of GLT-1 from neurons. What exactly is the nature of that signal is unclear. At present, we can only say that the signal emanates from some population of neurons that expresses GLT-1. Undoubtedly, our understanding of the underlying mechanisms will be greatly increased by identifying the specific neuronal population or populations involved.
